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We report the observation of low-frequency modes in the Raman spectra of thin-film superlattices of the high-
temperature superconductor YBa2Cu3O7−δ and various manganite perovskites. Our study shows that these modes
are caused by the backfolding of acoustic phonons due to the additional periodicity introduced by the superlattice.
Such modes were previously only observed for ultra-pure semiconductor superlattices. They can be used to determine
the bilayer thickness of the superlattice and its speed of sound. Moreover, we use the spatial resolution of Raman
microscopy to map the film thickness inhomogeneity across a sample, making these modes a useful tool to characterize
thin-film superlattices.
Thin-film multilayers of metal-oxides host a wide range
of emergent, tunable and potentially useful properties1–10
beyond those observed in multilayers of more conventional
semi-conductors such as Si or GaAs11,12. This is owed to
the various types of magnetic, charge, ferroelectric and su-
perconducting orders that the constituent metal-oxides layers
can host13,14. The novel properties of thin-film multilayers
and superlattices result from interactions across the interface,
such as spin and orbital reconstruction, charge-transfer and
phonon-coupling3–5,7, as well as some hitherto unidentified
mechanisms9,15. As such, multilayers of metal-oxides consti-
tute a fertile playground both to discover interesting physics
and to tailor functionalities that could shape future electronics.
Besides the scientific challenge of understanding the prop-
erties of metal-oxide superlattices, there is the persistent tech-
nical challenge of maintaining the quality of crystal struc-
ture, interfaces and layer thickness in such samples16. Growth
techniques for such samples include16 pulsed laser deposition
(PLD)17, molecular beam epitaxy (MBE)18 and sputtering19.
Here we report on the observation of low-frequency Raman
modes in metal-oxide superlattices, with a focus on super-
lattices of the high-temperature superconductor YBa2Cu3O7
and RMnO3 manganites, which are exemplary multilayers for
displaying the effects described above7,9,15. The low-energy
modes are optical-phonons which arise in superlattices due
to the backfolding of the c-axis acoustic phonon branch and,
to the best of our knowledge, are detected for the first time
in metal-oxide heterostructures. Until now the observation of
backfolded acoustic phonon modes has only been reported in
superlattices of high-quality MBE-grown semiconductor su-
perlattices, such as GaAs/AlAs20–23. The occurence and the
properties of these modes was fully explained and described
within a comprehensive theoretical framework21,24,25. The
modes can thus be used to characterize the quality and prop-
erties of the superlattice, such as the speed of sound and/or
the bilayer thickness. Given the fast acquisition time of the
measurement and the potential for micrometer spatial resolu-
tion, such modes can be a useful diagnostic for characterizing
superlattices of given materials.
In particular, in the present work we focus on epitaxial
superlattices of the cuprate superconductor YBa2Cu3O7
(YBCO) and manganite RMnO3, where R = Pr0.5La0.2Ca0.3
(PLCMO), Nd1−x(Ca1−ySry)x (NCSMO) or La1−xSrx
(LSMO). Details of the samples can be found in the sup-
plementary information. The samples are grown by PLD
on La0.3Sr0.7Al0.65Ta0.35O3 (LSAT) substrates that are
(0 0 1)-oriented (commercially available from Crystec)
following the process described in Refs.15,26. The super-
lattices involve ten repetitions of cuprate-manganite layers,
whose thickness we denote using the following scheme;
PLCMO(10 nm)/YBCO(7 nm) translates to a 7 nm thick
YBCO layer grown on top of a 10 nm thick PLCMO layer.
The topmost layer is the manganite followed by a 2 nm
thick LaAlO3 capping layer to protect the film surface from
degradation. We performed ex situ studies with x-ray diffrac-
tion, x-ray reflectivity, and polarized neutron reflectivity
to measure the layer thickness, uniformity, and interface
roughness. Representative results can be found in the supple-
mentary materials of Refs.9,15. These show our samples are of
high-quality, with a small interface roughness (∼ 0.5 nm) that
tends to increase with additional cuprate/manganite layers
and minimal chemical diffusion across the interface.
The Raman spectra were recorded with a Jobin-Yvon
LabRam HR800 spectrometer using the 632.8 nm excitation
line of a HeNe laser27. The measurements were carried out in
full back scattering with geometry indicated by Porto’s nota-
tion. For example, z(Y ′X ′)z indicates backscattering with in-
cident polarization 45◦ to the Mn-O nearest-neighbour bond
with the cross-polarised scattered light measured. We find
spurious reflections in our spectrometer that lead to artefacts
around 7 cm−1 and 15.8 cm−1 - these spectral regions are re-
moved from the reported spectra for clarity. Unless noted oth-
erwise, the spectra shown were recorded at room temperature.
All reported spectra have been divided by the Bose thermal
factors to obtain the imaginary part of the Raman scattering
susceptibility, Imχ(ω). Further details can be found in the
supplementary material.
To set the scene, Fig. 1(a) shows the Raman Stokes signal
from a PLCMO(10nm)/YBCO(7nm) superlattice (sketched)
collected at room-temperature in z(X ′X ′)z geometry over a
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FIG. 1. (a) Spectrum of a PLCMO(10nm)-YBCO(7nm) superlattice, illustrated bottom center, in z(X ′X ′)z scattering geometry showing the
comparatively intense and narrow line-width of the low-frequency modes compared with the phonon modes above 70 cm−1. (b) Polarization
analysis of the low frequency modes. The magenta line for the X ′X ′ superlattice spectrum shows a fit to the data with the modelled background
as the light magenta line. They grey data (offset by -0.5 for clarity) are for a trilayer sample of the same composition which indicates that the
low energy modes are inherent to the superlattice samples.
wide spectral range.The spectrum reveals multiple broad over-
lapping phonon modes above 50 cm−1 arising from both
YBCO, manganite and the interaction between them. A rich
spectral fingerprint is expected as a simplified space group
of the manganite, Pmma, already allows 21 Raman-active
modes28 (the more realistic P21/m symmetry – that include
the MnO6 octahedral tilts - having 54 Raman-active phonon
modes). The manganite spectra are also consistent with a dis-
ordered rhombohedral phase with Rc¯3 space group29. YBCO
has 5 main Raman active phonon modes, with additional
modes in special cases of charge- and oxygen-ordering30. An
analysis of this spectral region will be presented elsewhere, as
here we focus on the Raman scattering below 30 cm−1.
In particular, we focus on two prominent features in
the low-energy spectra which are marked by the arrow in
panel (a) and highlighted in Fig. 1(b). In panel (b), both
the Stokes and the anti-Stokes signals at T = 300 K in a
narrow spectral region around the elastic-line are shown.
The modes are clearly pronounced for both the z(XX)z
and z(X ′X ′)z geometries, but they are not observed for the
cross-polarised geometries which indicates an Ag type sym-
metry. Importantly, these sharp modes are only observed
from superlattice samples. For example, we include in
Fig. 1(b) a spectrum from a trilayer of the same material,
PLCMO(20nm)/YBCO(7nm)/PLCMO(20nm), for which the
sharp low-energy features are absent.
To quantitatively characterize these peaks, we fit them us-
ing a quadratic background and a pseduo-Voigt line shape as
detailed in the supplementary material. An exemplary fit is
shown by the magenta line superimposed to the z(X ′X ′)z su-
perlattice data in Fig. 1(b), whereas the modelled background
is a lighter coloured thin magenta line. The fitted peaks shown
in Fig. 1(b) are centred at ω0 =−12.9 and −15.2 cm−1, with
the absolute uncertainty in the peak positions estimated to be
0.3 cm−1, primarily due to systematic uncertainties. The half
widths at half maximum (HWHM) are γ = 1.0 and 0.5 cm−1
respectively. The area of each mode, SW , is proportional to its
Raman susceptibility. While we cannot quantify the Raman
susceptibility from our data in absolute terms, we can com-
pare the Bose-corrected areas of these new modes with that
of a regular phonon mode. In particular, we find an area of
SW ≈ 0.2 (a.u.) for the phonon excitation at ω0 ≈ 145 cm−1,
and areas of SW = 0.5 and 0.3 for the two low-energy modes
respectively. This illustrates that the new modes have Raman
cross-sections comparable to the weaker phonon modes above
70 cm−1.
In transition metal-oxides like those studied here, modes
in this frequency range might be ascribed to magnetic
excitations31. However, for several reasons this is unlikely
in our case, despite the significant Mn magnetic moments.
Firstly, long-range magnetic order is established only be-
low T ≈ 140 K in our PLCMO and NCSMO samples9,15,32,
whereas these peaks are intense and sharp already at room-
temperature. Secondly, the new modes are only observed for
superlattice samples and not in films of the pure mangan-
ite material with comparable thickness to the superlattices.
Thirdly, whereas magnons are usually observed in crossed po-
larization, the XY and X ′Y ′ polarization channels of our su-
perlattices do not exhibit low-energy modes (Fig. 1(b)). In
addition, the low energy modes are not observed in trilayer
samples, which rules out that they originate solely due to an
interaction between the cuprate and manganite.
Furthermore, Fig. 2 illustrates that the position of these
peaks depends on the bilayer thickness in the superlattice sam-
ples (i.e. the sum of the YBCO and manganite film thickness).
Fig. 2(a) shows z(X ′X ′)z spectra for superlattice samples with
a range of bilayer thickness, d. Spectra have been offset for
clarity. The shift of the modes to lower energy with larger bi-
layer thickness is clearly seen from the raw data. Figure 2(b)
shows the fitted energies of the two observable low-energy
modes, ω0, as data points plotted against d−1. The solid line
in the figure has the form ω0 = vsd−1, where the meaning
and choice of the value vs is discussed below. The peak ar-
eas, SW , and widths, γ , do not appear to show any systematic
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FIG. 2. (top) Spectra from multiple superlattice samples with bilayer
thickness, d, and the manganite compositions indicated in the leg-
end. (bottom) The centre positions of the two observable low-energy
modes versus d−1. The shaded line represents the expected average
position of the two low-frequency modes based on the speed of sound
in the superlattice.
variation across the samples studied. Finally, we note the pos-
sible presence of additional low-energy peaks barely resolved
by our measurements, except in particular cases such as the
d = 16.5 nm sample (brown curve).
These observations show that the low-energy modes most
probably arise from a back-folding of the Brillouin-zone, due
to the superlattice periodicity, which brings new Raman-active
excitations at low energies onto the Γ point.
Such a situation has been well documented and analysed
in superlattices comprising of GaAs-AlAs semiconductors for
acoustic phonon branches20–23. There are well-established
models for this situation, starting from either a continuum
approximation or linear-chain type models21,24, of which de-
tailed versions have been developed in order to capture finite-
size effects of the sample25. All such models agree how-
ever with the general behaviour captured by the simpler Ry-
tov model33. Within this model, the phonon dispersion is de-
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FIG. 3. (a) A sketch of phonon backfolding with approximate val-
ues for our samples. The black line shows a typical dispersion of an
acoustic phonon branch. The additional periodicity of the superlat-
tice, d, backfolds the phonon branch around d−1. There is a splitting
of the phonon branches near q= 0 and d−1. The Raman experiment
probes the phonon modes with q= n.λ−1, shown with the red dashed
line. (b) A sketch of the amplitude of atomic displacement for the
two first backfolded modes at Γ. The shaded regions represent the
material with the higher speed of sound, vs,2 > vs,1.
where the subscripts 1 and 2 denote the two materials in the
superlattice and vs =
√
c33/ρ is the sound-velocity (with ρ
the density of the material and c33 is the elastic modulus along
the c-axis direction). d1 and d2 are the thicknesses of the lay-
ers comprising the superlattice and κ ≡ vs,2ρ2/vs,1ρ1. This ex-
pression describes a folding of the phonon dispersions about
d−1, where d = d1 + d2, and the opening of gaps at the zone
center and boundaries. Figure 3(a) sketches the back-folding
effect with approximate values for our experiments. With
the Raman measurements, we (de)excite the phonon modes
at q= n.λ−1 where n is the refractive index of the superlattice
and λ the laser wavelength.
This model describes accurately our observations. In par-
ticular, the straight line in Fig. 2(b) is given by vsd−1 where
d is obtained from the nominal layer thicknesses (estimated
from x-ray reflectivity measurements) and vs = 717vs,YBCO +
10
17vmanganite is the weighted average of the c-axis speed of
sound in the two materials (here we are using the most
common 7 nm YBCO layer and 10 nm manganite layer
thicknesses)21. The value of vs is 4750± 200 m.s−1 as de-
termined from the bulk-moduli and densities34,35, but similar
values are obtained from other measurements of the speed of
sound36–39.The width of the line in Fig. 2(b) comes from the
uncertainty in vs for the individual YBCO and manganite lay-
ers. vsd−1 represents an average of the two peak-positions
which are split due to mixing and the finite-q of the laser
line24. Therefore, our experimental results are consistent with
a slightly higher value of vs ≈ 5150 m.s−1.
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A generalized relaxation time of the mode can be expressed
as τ = γ−1, which is approximately 40 ps. If we assume
vs ∼ 5000 m.s−1, then the scattering length of the mode is
l = vsτ ≈ 200 nm. This is close to the total film thickness and
suggestive of scattering of the phonon at the top surface of the
superlattice and bottom interface with the substrate.
We now discuss the intensity of the peaks. Close to the
Brillouin zone center, the upper and lower branches develop
preferential A1 or B2 symmetry. The atomic displacement
amplitude for the two symmetries are sketched in Fig. 3(b),
following Ref.20. The B2 mode is not Raman-active (off-
resonance), and therefore the relative Raman cross-section of
the two branches will be different near the Γ point. The rela-
tive thickness and speed of sound of the manganite and YBCO
layers determine whether the upper or lower branch has domi-
nant B2 symmetry. We denote these as d1 and d2, respectively,
whereby layer 1 (the manganite) has a slower speed of sound
than layer 2 (YBCO): vs,1 < vs,2. For d1 < d2, the B2 mode
has lower energy than the A1 mode which results in a smaller
intensity of the lower energy mode in the Raman spectrum.
The sample representing this case is marked in bold in the
legend of Fig. 2(a). For most of our samples d1 > d2 holds,
so that the situation is reversed with the higher energy mode
having a lower intensity. For d1 = d2, the second-order back-
folded phonon branch will not be Raman-active. This is the
case for the “20nm - LMO” sample in Fig. 2(a) and approx-
imately the case for the samples with 10 nm and 7 nm layer
thickness, which may be the reason we only rarely see the
second-order back-folded modes. More quantitative predic-
tions of the phonon intensities require first-principles calcula-
tions of the photoelastic coefficients24.
We also note that we observe similar low-frequency
modes in superlattices grown in our laboratory where the
YBCO is replaced for another metal oxide. These include
SrFeO3/La2/3Ca1/3MnO340 and SrRuO3/La2/3Ca1/3MnO3
superlattices.
The results above show that these low-energy modes can be
used to determine the spatial variation in a superlattice’s bi-
layer thickness (or more generally its repeat-unit thickness),
d, because (i) their position, ω0, is a function of d and (ii) the
micro-Raman technique we use here has a 10 µm2 spatial res-
olution in the plane. Spatial uniformity is of particular interest
for growth techniques whereby the deposition rate of the films
may not be constant across the sample. One particularly im-
portant example in terms of oxide materials is the growth by
PLD onto substrates with surface area comparable to the size
of the plasma plume. The spatial dependence of the intensity
and HWHM may also be used to characterize film quality.
To exemplify the potential of our method, we performed
measurements on a 7x7 points grid across the surface of a
nominally LCMO(10 nm)/YBCO(10 nm) superlattice grown
by PLD on an LSAT with surface area 10×10 mm2. The re-
sults are summarized in Fig. 4. The colour scale represents d
as determined from the fitted ω0 of the two low-energy modes
at each point and vs = 5000 m.s−1 as determined in Fig. 2(b).
The data are linearly interpolated between the measurement
points and we estimate the uncertainty in d to be ∼ 1 nm.
Fig. 4 shows that the LCMO-YBCO layer thicknesses are not
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FIG. 4. A contour plot of the combined thickness of the LCMO and
YBCO layers, d, determined from ω0 of the low-frequncy modes.
There is smooth gradient in d from one corner to the opposite.
uniform across the approximate 9×9 mm2 area that was mea-
sured. Instead, we identify a smooth gradient in the value of
d from one corner to the opposite corner.
Finally, we note that we observed only a subtle tempera-
ture dependence of the low-frequency modes between room-
temperature to 10 K, as shown in the supplementary informa-
tion. This is despite the various electronic and magnetic phase
transitions that our samples exhibit below 300 K9,15,32.
In summary, we report systematic measurements of low-
frequency modes in metal-oxide superlattices grown by
pulsed laser deposition. We show that these modes arise from
a back-folded c-axis acoustic phonon branch. As such, their
observation demonstrates the high quality of the thin-film su-
perlattices. The modes can be used to characterize the bi-
layer thickness of the superlattice and/or the c-axis speed of
sound. We utilized the spatial resolution of the Raman mi-
croscopy to map the film thickness inhomogeneity across a
larger 10×10 mm sample. This information is important for
monitoring and improving the quality of future metal-oxide
superlattices which might comprise the elementary building
blocks of next generation electronic devices.
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